prehensive studies of HPE with a literature search for all individuals with HPE and evidence of mutations affecting TGIF in order to establish the genotypic and phenotypic range. We describe 2 groups of patients: 34 with intragenic mutations and 21 with deletions of TGIF . These individuals, which were ascertained from our research group, in collaboration with other centers, and through a literature search, include 38 probands and 17 mutation-positive relatives. The majority of intragenic mutations occur in the TGIF homeodomain. Patients with mutations affecting TGIF recapitulate the entire phenotypic spectrum observed in non-chromosomal, nonsyndromic HPE. We identified a statistically significant difference between the 2 groups with respect to inheritance, as
Introduction
Holoprosencephaly (HPE) is the most common human forebrain malformation, occurring in approximately 1 in 250 conceptions and 1 in 8,000 live births [Matsunaga and Shiota, 1977; Leoncini et al., 2008] . HPE results from failure of midline forebrain separation between days 18 and 28 of human gestation. Up to 90% of the children with HPE die during the first year of life, and a strong correlation exists between survival (as well as other clinical outcomes) and the degree of brain malformation [Plawner et al., 2002; Stashinko et al., 2004; Hahn et al., 2006] .
Traditionally, HPE has been classified according to the degree of separation of the forebrain, which includes structures that later become the cerebrum, thalami, and basal ganglia. The 3 classic types of HPE include alobar (virtually no forebrain division), semilobar (some degree of hemispheric cleavage), and lobar HPE (more complete separation) . Among both living and deceased patients with a form of HPE that cannot be attributed to chromosomal or syndromic etiologies (termed 'non-syndromic, non-chromosomal HPE'), the frequency of alobar, semilobar, and lobar HPE approximates 18, 37, and 27%, respectively [Lazaro et al., 2004] . Additional milder and perhaps less common types include middle interhemispheric variant (MIHV) and septopreoptic types [Barkovich and Quint, 1993; . The most mildly affected patients have normal central nervous system findings on conventional neuroimaging, but have microform features of HPE, which can include microcephaly, hypotelorism, a single central maxillary incisor, and cleft lip and/or palate [Solomon et al., 2010] .
The phenotype of HPE varies dramatically, even within affected members of the same family [Solomon et al., 2009a] . In many cases, the severity of symptoms correlates with the severity of brain malformation. All patients born with structural brain differences consistent with HPE have some degree of cognitive impairment, but additional manifestations may vary. Neurological findings may include hydrocephalus, varying (but typically quite severe) degrees of cognitive impairment, seizures, muscle weakness or spasticity, dystonia, and choreoathetosis. Endocrine disorders secondary to pituitary insufficiency are common, with diabetes insipidus being the most frequently observed finding. Hypothalamic dysfunction may also manifest as autonomic instability [Levey et al., 2010] .
Non-syndromic, non-chromosomal HPE is typically inherited in an autosomal dominant manner with incomplete penetrance and variable expressivity [Dubourg et al., 2007; Solomon et al., 2010] . HPE is a multifactorial disorder, which is best modeled by a combination of susceptibility genes and environmental factors interacting to produce a wide range of phenotypes. At least 12 genes have been shown to be associated with non-syndromic, non-chromosomal HPE, the first of which was SHH (Sonic Hedgehog) . Since this discovery, several other genes involved in the SHH pathway have been linked to HPE [Roessler et al., 1996; Roessler and Muenke, 2010] . Like SHH, TGIF (Transforming Growth Factor Beta-Induced Factor; OMIM 602630) was initially found to be associated with HPE through a positional candidate gene approach based on patients with HPE and known cytogenetic anomalies containing the HPE4 locus on chromosome 18, whose minimal critical region includes TGIF [Overhauser et al., 1995; Gripp et al., 2000] . Subsequent studies have shown that among patients with non-syndromic HPE and normal karyotypes, the 4 most commonly mutated HPE-associated genes are (in order of decreasing frequency) SHH, ZIC2, SIX3 , and TGIF . In prospective studies, a mutation in at least one of these genes is found in approximately 25% of such probands, although mutations in TGIF occur in less than 2% [PinedaAlvarez et al., 2010; Solomon et al., 2010] .
TGIF maps to 18p11.3, and the protein product is known to be expressed in the developing forebrain and in midline facial structures in many species [Gripp et al., 2000; Jin et al., 2006; Knepper et al., 2006] . The role of TGIF in the pathogenesis of HPE is not well-delineated. However, evidence regarding key biological properties of TGIF suggests mechanisms by which alterations of TGIF results in HPE. The TGIF protein can inhibit retinoid signaling by blocking retinoid receptor response element (RXR) binding to the retinoid receptor [Bartholin et al., 2006] . This has been an area of particular interest, as ret-inoic acid is known to be involved in the development and patterning of the central nervous system [Maden, 2003] . Animal studies indicate that embryonic exposure to retinoic acid may lead to craniofacial malformations consistent with HPE. Thus, it is hypothesized that interference with retinoid signaling is one mechanism by which alterations of the TGIF gene may contribute to the development of human HPE [Sulik et al., 1995] . TGIF is also known to interact with intracellular Smad proteins to repress responses to the TGF-␤ family of growth and differentiation factors. This is of interest in the context of the pathogenesis of HPE, as Smad2 is part of the Nodal signaling pathway involved in neural axis development. Although mutations in TGIF decrease the protein's ability to bind Smad2, it has been unclear precisely how decreased TGIF activity affects the NODAL pathway [Roessler et al., 1996; Gripp et al., 2000] . However, studies in animal models have shown that Tgif function is required for both normal gastrulation and for regulation of the transcriptional response to Nodal signaling in early embryogenesis [Powers et al., 2010] .
Recent studies involving relatively large cohorts of patients with mutations in HPE-associated genes have suggested that in select patients, the phenotype may be predicted by the mutated gene. For example, patients with ZIC2 mutations tend to have distinct craniofacial anomalies regardless of the severity of brain malformation [Solomon et al., 2009b] . Here, we report on all known patients with features of HPE and evidence of TGIF alterations in an attempt to understand if such a correlation can be found within this cohort.
Subjects and Methods
Patient Recruitment, Mutation Screening, and Clinical Assessment Our laboratory has collected blood samples from approximately 1,000 patients with HPE-spectrum disorders and their family members over the course of 20 years. Under our National Human Genome Research Institute (NHGRI) IRB-approved protocol, and with appropriate consent obtained from participants, samples were tested for variations in the 4 most common HPEassociated genes (SHH, ZIC2, SIX3, and TGIF) . The strategy for mutation testing of TGIF by dideoxynucleotide sequencing of exons has been described previously [Gripp et al., 2000; El-Jaick et al., 2007] . Clinical information, photographs, and neuroimaging results for patients with TGIF mutations were reviewed when available. Additional patients were ascertained through collaborations with diagnostic testing centers. Three patients were examined at the National Institutes of Health as part of our NHGRI IRB-approved clinical protocol on HPE.
Literature Review A Medline search was conducted to find previously reported patients with HPE and mutations or haploinsufficiency of TGIF. Keywords for this search included: ' TGIF ', 'holoprosencephaly', 'HPE', '18p', '18p deletion', 'monosomy 18p', and '18p11.3'. Referenced patients were included in this analysis if there was a confirmed mutation affecting TGIF . Also included in the analysis were patients with clinical features of HPE and cytogenetic anomalies affecting the short arm of chromosome 18 (18p) without additional chromosomal abnormalities and with clear evidence that the deletion includes the TGIF locus at 18p11.3 [Münke et al., 1988; Münke, 1989; Roessler and Muenke, 1998; Aguilella et al., 2003; Bendavid et al., 2006 Bendavid et al., , 2009 El-Jaick et al., 2007; Richieri-Costa and Ribeiro, 2008; Sepulveda, 2009; Rosenfeld et al., 2010] . Cases involving deletions of 18p were only included in the final statistical analysis of phenotypes if clinical findings were consistent with HPE-spectrum anomalies. Cases were excluded if other chromosomal abnormalities were present beyond deletion of all or part of chromosome 18p, such as aberrations involving 18q or other chromosomes.
Results

Patients (General Characteristics)
We identified 18 probands with molecularly-determined intragenic sequence mutations in TGIF , and 16 affected relatives with mutations. We also identified 20 probands with cytogenetic deletions of all or part of chromosome 18p (which include deletion of TGIF ) and findings consistent with HPE-spectrum anomalies, and 1 affected relative with a deletion. Five probands with intragenic mutations and 2 probands with deletions are newly presented here. In addition, we present new clinical details for 5 previously reported cases (primarily reported in the context of mutation discovery). See table 1 for patient details, figure 1 for the breakdown of patients, figure 2 for mutation distribution, and online supplementary table 1 (for all online supplementary material, see www. karger.com/doi/10.1159/000328203) for additional patient information.
Of the 7 probands with functionally significant intragenic mutations for whom gender was known, 5 (71%) were female and 2 (29%) were male. Among the 19 probands with whole-gene TGIF deletions for whom gender was known, 12 (63%) were female and 7 (37%) were male. There was not a statistically significant difference in gender distribution between probands with intragenic mutations and probands with deletions ( 2 (1) = 0.155, p = 0.6942, no continuity correction applied).
Inheritance
Of the 7 functionally significant intragenic mutations in which inheritance was known for the probands, Wotton et al. [1999b] and Mukherjee and Bürglin [2007] . Functional significance is indicated as based on El-Jaick et al. [2007] . ° Two variants found in the same patient; ^ variant found in proband's mother, proband's sample not available. A = Alobar; S = semilobar; L = lobar; M = microform; U = unknown; fs = frameshift.
HPE Type
Of the 13 probands with intragenic mutations and known HPE type, 2 (15%) had alobar, 4 (30%) had semilobar, 5 (38%) had lobar, and 2 (15%) had microform HPE. Among the 7 probands with functionally significant intragenic mutations and known HPE type, 1 (14%) had alobar, 2 (29%) had semilobar, 3 (43%) had lobar, and 1 (14%) had microform HPE. Among the 16 probands with deletions and known HPE type, 2 (12%) had alobar, 2 (12%) had semilobar, 2 (12%) had lobar, and 10 (65%) had microform HPE. There was not a statistically significant difference in the distribution of HPE types between patients with functionally significant intragenic mutations and those with deletions ( 2 (3) = 5.166, p permutated = 0.1738). We compared the overall presence of frank HPE (structural brain anomalies, including alobar, semilobar, or lobar types, in contrast to microform HPE) between probands with intragenic mutations versus those with whole gene deletions. Of the probands with known HPE type, 6 of 7 probands (86%) with functionally significant intragenic mutations had frank HPE, as compared to 6 of 16 probands (38%) with TGIF deletions. This is likely a selection bias, as reference laboratories typically sequence TGIF only when HPE is present, whereas testing (such as a microarray) to look for any genomic deletion is commonly done in a wider variety of clinical situations. Though there were more probands with frank HPE in the intragenic mutation group than in the deletion group, this difference was not statistically significant (by twotailed Fisher's exact test, p = 0.0686). In an analysis of all patients in whom imaging was available, 14 of 27 patients (52%) (including both probands and relatives with functionally significant mutations) with intragenic mutations had structural brain anomalies, while 6 of 17 patients (35%) with deletions had structural brain anomalies. This difference in the prevalence of structural brain anomalies in the mutation group versus the group with deletions likely reflects ascertainment bias, as there was a greater proportion of probands compared to relatives in the deletion group. Patients with intragenic mutations in TGIF had a lower prevalence of structural brain anomalies compared to patients with intragenic mutations affecting SIX3 or ZIC2 , though the difference was only significant compared to patients with mutations in ZIC2 ( table 2 ) [Lacbawan et al., 2009; Solomon et al., 2009b] .
We next compared the prevalence of classic HPE types (alobar, semilobar, and lobar HPE; MIHV type was excluded due to the lack of cases) within our group of probands with TGIF mutations to those of general HPE cohort studies, specifically 5 previous studies that examined the prevalence of each HPE subtype. Two of these studies included liveborn patients and fetuses diagnosed with HPE [Muenke Lab; Lazaro et al., 2004; Ming and Muenke, 2002] . One study focused only on liveborn patients with HPE [Orioli and Castilla, 2007] , and the final 2 specifically examined patients with known mutations in either ZIC2 or SIX3 [Lacbawan et al., 2009; Solomon et al., 2009b] . Probands with intragenic TGIF mutations included a greater proportion of patients with microform HPE when compared to the cohort of patients with mutations in ZIC2 . Probands with TGIF deletions had a more even distribution between HPE subtypes compared to the other cohort studies ( table 3 ) [Solomon et al., 2009b] .
Additional Clinical Findings
The availability of clinical data for patients was highly variable, though 25 patients with intragenic mutations and 18 patients with TGIF deletions had adequate data for Table 2 . P revalence of structural brain anomalies according to the altered HPE-associated gene (among both probands and affected relatives)
Gene TGIF (n = 13) a n (%) analysis of findings ( table 4 ) . For patients for whom clinical information was known, the most commonly reported manifestations in patients with intragenic TGIF mutations included (in order of decreasing prevalence) microcephaly (10/25 patients), hypotelorism (9/25), and cleft lip and/or palate (9/25). The most commonly reported findings in patients with deletions of TGIF were microcephaly (9/18), cleft lip and/or palate (7/18), midface hypoplasia (7/18), and single maxillary central incisor (6/18). As an aggregate, patients had craniofacial findings typical of non-chromosomal, non-syndromic HPE [Lacbawan et al., 2009; Solomon et al., 2009a Solomon et al., , 2010 . There was no significant difference in the prevalence of the above findings between the 2 groups. However, there was a statistically significant difference in the presence or absence of extraneuronal/craniofacial findings, which were more common in the TGIF deletion group. This is likely due to the fact that other genes on 18p were also deleted in these cases.
TGIF Variants
Among the 18 families presented here, we identified 19 total sequence-based mutations ( fig. 2 ; family #6 had 2 variants; families #5 and #6, and families #17 and #18 each shared a variant). Eighty-nine percent (17/19) of the variants were unique. Two unrelated families (#5, #6) had the same missense variation (c.228C 1 A, p.His76Gln), 2 unrelated families both had another missense variation in common (c.271C 1 T, p.Arg91Cys), and 2 unrelated families (#17, #18) carried the same frameshift mutation (c.778delC, p.Arg260Glyfs * 58). While the frameshift mutation is certain to have functional consequences, it is less clear as to whether the p.His76Gln variation is truly associated with HPE or is instead a rare variant [El-Jaick et al., 2007] . Of the 17 different variations amongst 18 probands, 12 (71%) were missense mutations, 3 (18%) were frameshift mutations, and 2 (12%) were nonsense mutations. Variants are most likely to be missense ( 2 (2) = 10.705, p = 0.004). As mentioned above, our understanding of the functional effects of each variant is incomplete. Based on previous functional studies in which 11 TGIF alterations from patients with HPE were examined using a cell-based assay, 7 mutations are believed to be pathogenic as evidenced by altered TGIF protein function ( table 1 ) [ElJaick et al., 2007] .
Of note, some patients with variations in TGIF also had mutations in other HPE-associated genes. If these were all genuinely pathogenic alterations, this would be consistent with the 'multi-hit hypothesis of HPE', which alludes to the idea that more than one HPE-associated gene may require disruption in order to result in HPE [Ming and Muenke, 2002; Lacbawan et al., 2009; Solomon et al., 2009b] . One proband (patient 15) and her clinically unaffected mother were each found to have an inframe deletion in SHH (c.1132_1140del, p.378_380del); the proband was also found to have a missense variant in TGIF (c.451A 1 G, p.Thr151Ala) [Nanni et al., 1999; Gripp et al., 2000; Ming and Muenke, 2002] . As the SHH alteration has never been shown to be pathogenic by functional assays, it is entirely possible that neither alteration actually contributes to the phenotypes . Another patient who had semilobar HPE (patient 21) had a maternally-inherited SHH variation (c.1270C 1 G, p.Pro424Ala), as well as a deletion of TGIF (del(18) (p11.23 ] pter)), resulting from a maternal translocation, with maternal chromosome analysis revealing 46,XX,t(1; 18)(q43;p11.3). Significant family history included multiple miscarriages and congenital anomalies most likely associated with the maternal translocation [Moog et al., 2001; Ming and Muenke, 2002] . In this instance, the TGIF deletion is clearly likely to result in an abnormal phenotype, and the consequence of the SHH variant is unclear and is felt to be unlikely to be pathogenic .
Mutation Location and Conservation
Of the 17 unique TGIF variants, 9 (53%) are in the homeodomain, 2 (12%) are in the repressor domain-1, 3 (18%) are in the repressor domain-2a, 1 (6%) is in the repressor domain-2b, and 2 (12%) are not in a known functional domain. Of the 9 mutations within the homeodomain, 5 are missense mutations, one of which is known to be functionally significant (p.Pro63Arg) and one of which is not likely to be functionally significant (p.His76Gln). The residue of the functionally significant variant is highly conserved amongst a wide spectrum of species. The remaining 3 missense mutations in the homeodomain with unknown functional significance have the same high conservation as the functionally significant variant. Specifically, we examined common chimpanzee, Rhesus macaque, domestic sheep, horse, rat, crab-eating macaque, black-capped squirrel monkey, gray short-tailed opossum, Xenopus laevis , zebrafish, green pufferfish, and Drosophila melanogaster using a publicly available database (COBALT, Constraint-based Multiple Alignment Tool; see online suppl. table 2 for further details.) This suggests that these are functionally significant alterations; however, further study is required prior to assigning pathogenicity. In addition, p.Ala31Pro is of interest because it is near the carboxyl terminusbinding protein (CtBP), and could potentially influence CtBP binding, though this has yet to be studied [Melhuish and Wotton, 2000] .
Discussion
We have previously reported comprehensive analyses of patients with HPE and mutations in SIX3 and ZIC2 [Lacbawan et al., 2009; Solomon et al., 2009b ]. Here, we described 38 probands with either intragenic mutations or cytogenetic anomalies affecting TGIF, and 17 relatives with the same genetic change. Mutations in TGIF account for a much smaller proportion of HPE than the other genes commonly associated with HPE, and are estimated to occur in less than 2% of probands with non-chromosomal, non-syndromic forms of HPE. Nevertheless, this is the largest known analysis of a cohort of patients with mutations affecting this gene, and our findings allow for some conclusions that should be helpful for clinicians encountering patients with HPE in general, and specifically, when counseling families of patients with TGIF variants.
First, the case of TGIF clearly demonstrates a common problem in many genetic disorders: detected genetic variants may be of unclear functional significance. Unlike mutations in ZIC2 , which are often null alleles, variants in TGIF are frequently missense variants, and thus present a diagnostic and counseling dilemma. Use of publicly available databases and software (for example, those that evaluate the evolutionary conservation of the residue in question or that predict the consequence of a protein alteration) may be used, though information gathered from these sources cannot substitute for basic scientific analysis. In addition, family studies are always indicated since they may provide some clarity to the clinical scenario, given that de novo variants are presumably more significant. However, until a functional assay becomes commonly available, it will be difficult to accurately assign pathogenicity to each variant. An additional limitation in interpreting these results is that, while our laboratory and others sequence TGIF exons and flanking sequences, this methodology has the potential to miss small exonic deletions or variations within intronic sequences that may be functionally significant. Clinicians and genetic testing facilities must take this into account when discussing findings with affected families. Furthermore, efforts to establish molecular databases need to be supported in an effort to tabulate rare variants seen in different populations.
Second, it is interesting to note that over half of the individual mutations occurred within the homeodomain of the TGIF protein, a finding similar to that reported in patients with mutations affecting SIX3 [Lacbawan et al., 2009] . Like mutations within the SIX3 homeodomain, all mutations within the TGIF homeodomain (with the possible exception of p.His76Gln) appear to lead to decreased protein function [El-Jaick et al., 2007] . This supports molecular studies in which the homeodomain was found to be not only essential for DNA binding, but also for TGIF to function as a transcriptional repressor [Wotton et al., 1999a] . In addition, the clustering of mutations in the homeodomain suggests that either this region is more prone to sequence variations, that sequence variations in other regions of the gene may be lethal, or perhaps that nonhomeodomain variants do not actually produce a HPErelated phenotype.
Third, we see a wide range of clinical severity in patients with TGIF mutations, ranging from very subtle manifestations typically only ascertained following the birth of a severely affected relative, to having profound sequelae of HPE incompatible with life. Further, craniofacial features appear consistent with the spectrum of midline deficits seen in patients with HPE in general [Solomon et al., 2010] . It is not surprising that patients with microdeletions of the TGIF gene or larger 18p deletions including the TGIF locus tend to display additional manifestations, such as congenital anomalies of the heart and digits not usually observed in patients with intragenic mutations. This is likely due to deletion of additional genes near the TGIF locus. At present, it is difficult to determine genes that could contribute to these manifestations, as findings may vary greatly among these patients [Turleau, 2008] . One attractive candidate gene is TWSG1 , located at 18p11.22, a gene demonstrated in animal models to play a role in forebrain, foregut, and skeletal development [Nosaka et al., 2003; Petryk et al., 2004] . However, recent human studies have demonstrated minimal evidence for involvement of this gene in human HPE [Kauvar et al., 2011] . More broadly, information about the prevalence of and difference between findings among the 2 groups described here may be important to clinicians and affected families.
Fourth, similar to the case with SHH, but in contrast to ZIC2 and SIX3, over half of all patients (including both probands and relatives) with TGIF mutations are relatively mildly affected. These mildly affected patients may be described as either microform or non-penetrant carriers. However, we suspect that careful physical examination by experienced clinical geneticists often reveals subtle findings in patients previously labeled as 'unaffected'. The prevalence of such mild clinical findings in patients with intragenic mutations in SHH, SIX3 , and ZIC2 is 54, 36 and 13%, respectively [Lacbawan et al., 2009; Solomon et al., 2009b Solomon et al., , 2010 . These findings indicate that mutations in TGIF may result in less severe phenotypes compared to patients with mutations in either SIX3 or ZIC2.
An explanation for the generally mild phenotypes observed in patients with mutations in TGIF remains to be determined. It is interesting to note that among those with complete deletion of TGIF (i.e. partial monosomy 18p), less than half of the patients demonstrate findings of HPE. Our findings are consistent with earlier studies that have estimated that only ϳ 10% of all patients with 18p deletions (including deletion of TGIF ) have HPE [Roessler and Muenke, 1998; Turleau, 2008] . This is in contrast to deletions of 2p21 (which includes SIX3 ), where virtually all patients have HPE, and deletions of 7q36 (which includes SHH ), where approximately half of the patients have HPE. An explanation for these differences may involve nearby genes that also play a role in HPE pathogenesis.
The wide spectrum of severity and the difficulties in making precise genotype-phenotype correlations point to a complex model of HPE pathogenesis that demands further research. Functional analysis of Tgif in murine models has been inconclusive, although several findings point to this complex pathogenesis. For example, mouse models with homozygous disruption of Tgif fail to produce findings of HPE. In contrast, mice with decreased expression or knockdown of other HPE-associated genes (Zic2, Shh, Six3) typically display a strong HPE phenotype [Hayhurst and McConnell, 2003; Schachter and Krauss, 2008] . This suggests that, in addition to alterations in TGIF , other genetic modifiers (on 18p or other chromosomal regions) or environmental factors are necessary to result in HPE. TSWG1 , as described above, was initially hypothesized to be one such genetic modifier, as it has been linked to forebrain development, although recent mutation analysis of the coding region of TWSG1 suggests that this gene does not play a significant role in human HPE [Petryk et al., 2004; Rosenfeld et al., 2010; Kauvar et al., 2011] . Another possibility may relate to the fact that mice with Tgif mutations have increased susceptibility to the teratogen retinoic acid [Bartholin et al., 2006] . Additionally, while homozygous mutations in Tgif1 (the mouse homologue to HPE-associated TGIF1 in humans) fail to create a pathogenic phenotype, mice with mutations in both Tgif1 and Tgif2 (a gene similar in structure to Tgif1 ) fail to undergo gastrulation, indicating a significant but incompletely defined role of this gene in mammalian embryogenesis [Powers et al., 2010] .
